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ABSTRACT

Phase separation in nuclear waste glasses has an adverse effect on glass durability.
Phase separation in glasses generally takes the form of two immiscible glass phases
which differ in chemical composition, density, and surface tension. Usually one
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phase is more soluble than the other. Phase separation complicates modeling of
glass durability as a function of composition because the composition of the
overall glassis known but the compositions of the two immiscible phasesis not
known: the performance of the overall glassis unpredictable and the long term
durability of the glass can not be modeled. A discriminate analysis of 110
homogeneous and phase separated waste glasses alowed a “phase separation
discriminate function” to be defined. The discriminate function is calculated based
on glass oxide wt% and compositionally differentiates between immiscible phases
of different density. The discriminate function is defined in 14 component
composition space although >95% of the glass chemistry is dominated by seven
major components (NaO- K,0O-Li,O-Si0,-Al,03-B,0s-Fe,03). The
compositionally dependent discriminator function is used to eliminate phase
separated glasses from being processed in the Savannah River Site (SRS) Defense
Waste Processing Facility (DWPF). All glasses produced are homogeneous and
thus have predictable long term durability.

INTRODUCTION

High-level liquid nuclear waste (HLLW) at the Savannah River Site (SRS) is being
immobilized by vitrification into borosilicate glass. The glassis produced and
poured into stainless steel canisters in the Defense Waste Processing Facility
(DWPF) for ultimate geologic disposal. The canistered borosilicate waste glass
must comply with the Waste Acceptance Product Specifications (WAPS)
established by the U.S. Department of Energy. WAPS Specification 1.3 relatesto
the ability of the vitrification process to consistently control the final waste form
durability, i.e., the stability of the glass against attack by water.

The durability of the final DWPF glassis predicted by analysis of vitrified melter
feed prior to transfer of the feed to the melter. The composition analysisis used to
calculate a predicted durability for the DWPF production glass from a glass
durability model. In order to be fed to the melter, each batch of melter feed must
produce a glass whose predicted durability responseis more durable (by at least
two standard deviations) than the benchmark waste glass identified in the DWPF
Environmental Assessment (EA) based on ASTM C1285, the Product Consistency
Test (PCT).
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In 1994 Tovena, et. a. [1] demonstrated that the Jantzen/Plodinec free energy
model [2] aswell asthe Feng/Barkatt enthalpy model [3-4] and the Bray/Y un [5-
6] structural durability models did not predict waste glass durability accurately
when the composition of the waste glass contained >15% B,O3 with little or no
Al>O3. For these glasses all the models underpredicted the glass durability
significantly. Tovena, et. al. [6] attributed the underprediction to phase separation
and complete dissolution of a borate rich phase in the glass when the Al.O, content
was insufficient.

Glass-in-glass aso known as liquid-liquid phase separation is the growth of two or
more non-crystalline glassy phases each of which has a different composition from
the overal melt [7]. Phase separation in glasses generally takes the form of two
immiscible glass phases which differ in chemical composition, density, and surface
tension. Separation into two phases may have various causes but the final result is
that the original homogeneous glass is separated into two or more non-crystalline
phases of different density.

Phase separation, if it occurs on either a microscopic or macroscopic scale, has
been shown to be detrimental to the stability and durability of nuclear waste
glasses[1, 8-10]. Phase separation complicates modeling of glass durability asa
function of composition because the composition of the overall glassis known but
the compositions of the two individual phases composing the glassis not known:
the leach rate from either of the immiscible phases is unpredictable as the
composition of the phasesis not known.

Phase separation is dependent on the volume fraction of phase separated glass that
ispresent. The volume fraction is a function of the thermal history experienced by
the glass. Since the thermal history of each waste glass canister is not identical
and cannot be controlled during pouring, then glass compositions that have a
tendency to phase separate must be avoided. Data generated using the 1995
revision of the Jantzen/Plodinec free energy model called the Thermodynamic
Hydration Energy Reaction MOdel (THERMO™ )[8], shows that the ASTM
C1285 (PCT) response of phase separated glasses can vary widely as afunction of
composition (Figure 1).

The durability response of waste glasses must be predictable. Therefore, waste
glasses must be homogeneous. Controlling the glass chemistry in compositional
regions that avoid phase separation is the key to achieving waste glass durability
control during processing. Moreover, durability modeling of only homogeneous
glasses avoids confounding any model with different leaching responses.
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Phase separated glasses are excluded from the THERMO™ process model used by
the Defense Waste Processing Facility (DWPF) based upon a mathematically
derived phase separation discriminator. The basis for this compositionally
dependent discriminator, termed the homogeneity constraint, is described in this
study.
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Figure 1. Example of glass durability response (log boron release from the
ASTM C-1285 (PCT) test) versus glass composition (expressed as the
Hydration Free Energy, THERMO™) based on the analysis of 88
homogeneous and 22 phase separated glasses [8]. A wide variety
(possibly a continuum as indicated by the shading) of PCT responseis
noted for phase separated glasses depending on the type and scale of
the phase separation [8,10], e.g. phase separated waste glasses and
phase separated frits have a different PCT response.



MODELING AND EXPERIMENTAL APPROACH

A well analyzed and well characterized set of 110 glasses was used to determine
the phase separation discriminator which is a mathematical expression of the
composition boundary between phase separated and homogeneous glasses.

The 110 glasses are designated as "Model Data' and are given by name and
production mode in Tablel. All glassesin “Model Data’ were chemically
analyzed by Corning Engineering Laboratory Services (CELS) or bias corrected to
CEL S standards. The number of replicate analyses performed varied from a
minimum of 2 for production and crucible melt glasses to a maximum of 10 for
glass standards such as the Environmental Assessment glass and the Waste
Compliance Plan (WCP) glasses.

A "Vadlidation Data" set was developed from production and crucible melt glasses
not included in “Model Data” and from data taken from the literature. Many of
the glass compositions are “as made” rather than “as analyzed.” The validation set
of glassesisgivenin Table Il aong with their production mode.

X-ray Diffraction (XRD) analysis was performed on all of the “Model Data” and
“Validation Data’ glasses studied. Scanning Electron Microscopy (SEM) analyses
coupled with Energy Dispersive Analysis by X-ray (EDAX) were performed on
many of the glasses to identify if crystalline species below the detection limit of
XRD existed and to identify any large scale phase separation. The EA glass was
examined by optical microscopy, SEM, and TEM in order to determine the
homogeneity of the glass on a microscopic level. Additiona glasses such as Pyrex,
the Batch 1 study glasses, white frit 202, and the Hanford glasses were analyzed
by Transmission Electron Microscopy (TEM) for phase separation.

COMPOSITIONAL NATURE OF PHASE SEPARATION

Phase separation in 15-20 component waste glasses is not well understood.
However, many of the nuclear waste glass components are present in minor
amounts and >95% of the glass chemistry is dominated by seven major
components, M20O-Si0O2-Al>,03-B203-FeO3, where M = K + Na + Li.

Although the compositional dependency of phase separation in the individual
M>0-S0,-B,03 systems [11] and in the (M20+MO)-(SIO2+AI,03)-B20O3 systems
[11] where M0 isany akali oxide and MO is any akaline earth oxide are known,
phase separation in the M20O-SiO2-Al>,03-Bo03-FeO3 system has not previoudy
been studied. Since high level waste glasses contain Fe,O3 as a significant
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component, phase separation in the seven component system Na,O-Li,0-Ko0-
Si0O,-Al»,03-B203-FexO3 needed to be examined.

In order to determine the compositional nature of the phase separation observed in
the glasses in this study, it was necessary to examine the distribution of the oxide
wit% concentrations of the homogeneous and phase separated glasses. Weight
percent is used preferentially over mole percent or mole fraction because glass-in-
glass phase separation is the separation of two immiscible phases that have
different densities [18-20]. Indeed, the dependence of the reciprocal of the density
of each phase on the glass composition in weight percent is linear [18].

Graphical histograms were used to compare the differences in the compositional
distributions between the 88 homogeneous and 22 phase separated glasses
comprising “Model Data.” The histogram analysis of the glass chemistry in oxide
wit% indicated that the phase separated glasses were significantly lower in Al>O3
while being somewhat higher in BoO3 (Figure 2) in agreement with the findings of
Tovena, et. a. [1]. Significant differencesin the concentrations of other glass
oxide components were not observed.



Tablel. Glasses Comprising “Model Data”
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Glasses By Classification No. of Production Analytical
Glasses History Laboratory
Homogeneous Glasses
Hg Campaign Glasses 9 IDMS Melter | SRTC/ETF
AH Algorithm Glasses 29 Crucible Mélts CELS
DWPF Startup Frit 1 Fritted CELS
Waste Glass 202G and 2 Crucible melt CELS
202P Standards
Waste Glass 200R 1 Crucible Mt | SRTC/ADS
Waste Glass 165 CELS 1 Crucible M€t CELS
Standard
ARM-1 Standard 1 Crucible Melt | PNNL/MCC
Environmental Assessment 1 Small Melter CELS
(EA) Glass Standard
Waste Glass 131 TDS 2 Crucible Melt | SRTC/ADS
Batch 1 Study 8,9,13,14,T 5 Crucible Melt | SRTC/ADS
WCP-Blend Standard 1 Crucible M€t CELS
WCP-Batch-1 Standard 1 Crucible M€t CELS
WCP-Batch-2 Standard 1 Crucible M€t CELS
WCP-Batch-3 Standard 1 Crucible M€t CELS
WCP-Batch-4 Standard 1 Crucible M€t CELS
WCP-HM Standard 1 Crucible M€t CELS
WCP-PX Standard 1 Crucible M€t CELS
Blends-1 4 IDMS Méelter SRTC/ETF
Blends-2 5 IDMS Méelter SRTC/ETF
Blends-3 4 IDMS Méelter SRTC/ETF
HM-1 4 IDMS Méelter SRTC/ETF
HM-2 3 IDMS Méelter SRTC/ETF
HM-3 3 IDMS Méelter SRTC/ETF
PX-1 3 IDMS Méelter SRTC/ETF
PX-2 3 IDMS Méelter SRTC/ETF
Phase Separ ated Glasses
PX-4 3 IDMS Méelter SRTC/ETF
PX-5 9 IDMS Méelter SRTC/ETF
PX-6 1 IDMS Méelter SRTC/ETF
PNNL Hanford (H) Glass 9 IDMS Méelter SRTC/ETF
Totals 110
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Tablell. Glasses Comprising “Validation Data”

Type
Sample D Known Predicted | Analytical Production
Method History
AH 168AL f Sep.t f Sep. SEM Crucible Melt
PYREX f Sep. fSep. | SEM/TEM Glass Rod
NBS SRM 623 f Sep. f Sep. TEM Crucible Melt
MG-6 Homog. Homog. TEM Crucible Melt
MG-7 f Sep. fSep. | TEM[12] Crucible Melt
MG-9,18 Homog. f Sep. SEM [12] Crucible M€t
MG-10,23,30 Homog. Homog. | SEM[12] Crucible M€t
MG-17 Homog. Homog. | SEM [12] Crucible Melt
MG-8,16,20,22, Homog. Homog. | SEM [12] Crucible Melt
27,29,32,33

Remaining 14 Homog. Homog. | SEM [12] Crucible Melt
MG
FRIT 131,165 f Sep. f Sep. SEM Crucible Melt
FRIT 202 f Sep. fSep. | SEM/TEM Crucible Melt
CAC Glass 15,20 Homaog. Homaog. TEM Crucible Melt
CAC Glass 31 Homaog. Homaog. TEM Crucible Melt
Batch 1 Study f Sep. f Sep. TEM Crucible Melt
10,15
PNL-77-268 f Sep. f Sep. TEM [13] Crucible Melt
PNL-76-101 f Sep. f Sep. TEM [13] Crucible Melt
PNL-77-269 f Sep. f Sep. TEM [13] Crucible Melt
UK Glass M5 f Sep. fSep. | SANS[14] Crucible Melt
(189)
PNL CVS1-11 Homog. Homog. | PNL SEM Crucible Melt

[9,15]
PNL CVS-2-30 Homog. Homog. | PNL SEM Crucible Melt

[9,15]
PNL CVS-2-29 f Sep. f Sep. PNL Crucible Melt

SEM/TEM

[9,15]

PNL CVS-2-31 f Sep. Homaog. PNL Crucible Melt
SEM/TEM

[9,15]

Elmer GlassA,B f Sep. fSep. | SEM [16] Crucible Melt
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Ventura Glass
A,B

f Sep.

f Sep.

SEM [17] Crucible M€t

U f Sep. indicates phase separated glasses.

SANS = Small Angle Neutron Scattering; SEM = Scanning Electron Microscopy;

TEM = Transmission Electron Microscopy
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Figure 2. Histogram analysis of the compositional differences (in wt%) of the
110 phase separated and homogeneous “Model Data’ glasses.

Visualization of the immiscibility region in the seven component NapO-Li,0-K,0-
Si0O,-Al,03-B20O3-Fe O3 system is difficult. In order to smplify the graphical
representation all of the alkali oxides can be represented as one corner in the
pseudo-quaternary system. M,O-(SiO»+Al,03)-B203-FeO3 system. Since the
SiO2 content of the 110 glasses are approximately constant (varying only between
40 and 65 wt%), the remaining M>0O-Al>03-B,03-Fe,O3 were re-normalized and
plotted as a pseudo-quaternary diagram (Figure 3). The shaded region in Figure 3
sharply delineates a compositional difference in weight percent Al,O3 between the

phase separated glasses and the homogeneous glasses. sharp phase boundariesin
weight percent composition space are indicative of immiscibility boundaries.
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Figures 2 and 3 indicate that the phase separated glasses are highly dependent on
the Al203 content of the waste glasses. Thisisin agreement with the widely
known effects of increased Al203 to stabilize glasses against phase separation
[11]. Itisdsoin agreement with the natural analog quaternary system Na,O-
Al>0O3-Fe0O3-SiO, for basaltic magmas shown in Figure 4. Figure 4 depicts a
region of phase separation in akali iron silicates with less than ~ 4 wt% Al,O3
[21]. Inaddition, glasses in the NapO-Al>03-SIO, system are known to phase
separate when the glasses contain less than ~ 3 wt% Al,O3 [22-23].

# Phase Separated Glasses
= Homogeneous Glasses

- —_ e W W i
JEHLIEID3 Alkali
Figure 3. Compositions of the glassesin “Modd Data’ plotted in Al,O3-B203-
aM,0-Fe,0O3 composition space indicate that the phase separated
glasses (shaded region of solid circles) are low in Al>,O3 content
relative to the homogeneous glasses.
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Figure4. Natura anaog system NaO-Al,Os-Fe,0s-SIO, of geologic significance
which shows aregion of liquid-liquid immiscibility in the Fe,O5-Al,Os-
SO, subsystem sub-system below ~ 4 wt% Al,Os.

DEVELOPMENT OF THE PHASE SEPARATION DISCRIMINATOR

Compositionally, good discrimination between the homogeneous and phase
separated glasses was achieved by plotting the sum of the lighter density alkali
borosilicate (primarily frit) components vs. the denser sludge components, e.g.
Al>O3 plus al of the iron present as Fe,O3 (Figure 5). Calcium oxide, MoOs, and
the rare earth oxides (i.e., Nd>O3, CexO3, Lap0O3, and Y 203) were included as
heavier density components to properly account for the contributions from
significant heavier sludge components.” Since the compositions of the glasses in
this study were not statistically designed, certain minor sludge components (e.g.,
NiO, MnO, MgO, SrO, and ZrO2) were found to be insignificant to the

discrimination and were thus omitted from the definition of the heavier density
tt
component.

T Inthis study, the MoO3 and rare earth oxides only occurred in the Hanford glasses including
the ARM-1 reference glass although these species are also anticipated in DWPF glasses.
Calcium oxide was included since it was present in most of the glasses, including significant
amountsin ARM-1, 200R, and the CGW 165 STD. Furthermore, CaO was included because
it can play arole in phase separation in borosilicate glasses[11].

T Many of these elements are highly correlated (colinear) with the major sludge oxides, e.g.,
Al>03 and FepO3, and their inclusion tends to add considerable noise into the

discrimination with minimal improvement.
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Figure5. Compositional distinction between homogeneous and phase separated
glasses. 95% confidence ellipsoids are indicated for the 110 “Model
Data’ homogeneous and phase separated glasses.

A discriminant analysis was performed in 14 component oxide wt% space based
upon work by Mahaanobis and Hotelling and is described in the IMPa Users
Guide [24]. Equation 1 [8] represents the compositiona differencesin 14
component space that discriminates between homogeneous and phase separated
glasses. Glasses will be homogeneous if the following criterion is satisfied:

~1.6035 x — 5.6478 y + 210.9203< 0 (1)

wherey = Dense Oxide Components = Al,O3 + (FexO3 + FeO calculated as
Fe,O3) + Nd2O3 + CerO3 + LapO3 + Y203+ Ca0 + MoO3 (wt%)

X = Less Dense Oxide Components = NaO + Li,0 + K>0 + Cs;0 + SO,
+ B>0O3 (Wt%)
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This analysis assumes that the homogeneous and phase separated populations in
Table | have multivariate normal distributions with the same covariance matrix.
Assuming that an unknown glass also has the same covarience matrix allows the
posterior probability of that glass being homogeneous to be calculated. For an
unknown glass to be considered homogeneous, the Mahalanobis distance from the
new observation to the centroid of the homogeneous group of glass compositions
must be less than that to the centroid of the phase separated group of glass
compositions.

STATISTICAL VALIDATION OF THE PHASE SEPARATION
DISCRIMINATOR

Applying Equation 1 to the 53 validation glasses described in Table |1, 95% were
correctly classified by Equation 1. Thirty four glasses were determined analyticaly
(SEM, TEM, or SANS) to be homogeneous and 19 phase separated. Thirty two
of the 34 known homogeneous glasses (94%) were correctly classified by
Equation 1. Eighteen of the 19 known phase separated glasses (95%) were
correctly classified. Note that it is more conservative to predict a glass to be phase
separated when it is homogeneous rather than to predict that aglassis
homogeneous when it is phase separated. Overall, the discriminator was found to
be 95% accurate when applied to the “Validation Data.” It should be noted that
many of the glassesin “Validation Data’ represented glasses well outside the
composition range of the glasses from which the discriminator was developed.
This demonstrates the robust nature of the phase separation discriminator.

CONCLUSIONS

Based on adiscriminant analysis of 110 waste glasses in 14 component
composition space, a compositionally dependent phase separation discriminator
function has been defined (Equation 1). The discriminator function is defined in
oxide wt% since the two phases separating represent different melt densities. This
constraint, when used to eliminate phase separated glasses from waste glass
durability studies or databases, ensures that only homogeneous waste glass
durability ismodeled. This prevents mixed mechanism durability modeling which
would otherwise allow phase separated waste glasses to be produced and waste
glass durability to be incorrectly underpredicted.
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